INTRODUCTION {#SEC1}
============

Nucleic acids perform their cellular functions by adopting complex secondary and tertiary structures, which are composed of several structural domains ([@B1]−[@B3]). The functional role of domains, which support a binding event or serve as a signalling or regulatory element, is coded in the form of conformational dynamics of a set of nucleotides ([@B4]−[@B6]). Dysfunction in many such domains due to mutations, lesions, etc., can lead to disease states. Hence, basic understanding of the conformation of therapeutically relevant structural motifs in real time and 3D will facilitate design platforms to identify small molecule functional modulators of clinical potential ([@B7],[@B8]). One such important structural motif, which has gained prominence as a therapeutic target is the G-quadruplex (GQ) structure formed by sequences containing guanine tracts ([@B9]−[@B11]). GQ-forming sequences are widely present in the genome ([@B12],[@B13]) and have been proven to play important roles in chromosome maintenance, telomerase dysfunction and regulation of expression of several oncogenes ([@B14]−[@B21]). Consequently, several small molecule ligands that bind and modulate GQ function have been evaluated as chemotherapeutic agents ([@B22]−[@B29]). However, the druggability of GQs in a clinical setup has not yet been realized. This is because GQ-forming motifs are highly diverse in sequence and exhibit structural polymorphism ([@B30],[@B31]). Further, the majority of ligands and GQ sensors poorly distinguish different GQ structures ([@B32]).

Depending on the number of contiguous G-tracts and the residues between them, a sequence can adopt various GQ topologies, which are generally classified as parallel-, antiparallel- and hybrid-type parallel-antiparallel-stranded conformations ([@B30],[@B31]). These structures show differences in the conformation of the glycosidic bond (*syn* and *anti*) of guanosine residues of the tetrads, loop type (propeller, diagonal and lateral) and groove size. Fluorescence, NMR and X-ray crystallography techniques in combination with circular dichroism (CD) are commonly used to study GQ structure, dynamics and recognition properties ([@B32]−[@B42]). These methods invariably use custom-labeled oligonucleotides (ONs) as native bases are non-fluorescent and do not contain isotope or X-ray scattering label for efficient analysis in solution and 3D. For example, fluorescent ligands and metal complexes ([@B43]−[@B49]), and FRET pair-labeled ONs provide efficient means to study the formation as well as binding of ligands to GQs ([@B50]−[@B52]). However, detecting the formation of different GQ topologies and estimating the affinity of ligands to different GQ structures are difficult as most of the chemical probes do not efficiently distinguish subtle differences in conformations. Although the benefits of this traditional 'one label-one technique' are undeniable, direct correlation of structure and function under equilibrium conditions and in 3D is not straightforward as each technique uses uniquely-labeled ON sequence. In this context, it is of high priority to develop multifunctional probes, which (i) are structurally non-invasive, (ii) can detect subtle differences in the conformation of GQ topologies, (iii) can quantitatively report the affinity of ligands to different GQ topologies, and importantly (iv) can be concurrently deployed in completing biophysical techniques (e.g., fluorescence and X-ray diffraction). This, we hypothesized, can be accomplished by developing a dual-app nucleoside analog probe composed of a conformation-sensitive fluorophore and an anomalous X-ray scattering label (e.g., Se atom, Figure [1](#F1){ref-type="fig"}). Such a nucleoside analog, incorporated into GQ-forming sequences, would serve as a common probe to investigate different GQ structures and their recognition properties in real time and atomic level concurrently by using fluorescence and X-ray crystallography techniques.

![(**A**) A schematic diagram showing the dual-app nucleoside probe design. Probe **2** is intentionally designed to contain an environment-sensitive fluorophore (5-heterocycle-conjugated uracil) and an X-ray crystallography compatible label (Se atom) in the same electronic system so that the microenvironment experienced by the labels in different GQ conformations will be similar. (**B**) The nucleoside analog serves as a common probe to detect and correlate different GQ structures of H-Telo DNA and their ligand binding under equilibrium conditions and in 3D by two powerful techniques, namely fluorescence and X-ray crystallography.](gkz419fig1){#F1}

We recently developed a ribonucleoside probe containing a microenvironment-sensitive fluorophore and an anomalous X-ray scattering label ([@B53],[@B54]). The probe was derived by attaching a selenophene ring at the 5 position of uridine, which essentially expands the π-system thereby generating a fluorescent nucleoside analog. The Se atom used in this probe design is highly beneficial as compared to the traditionally used halogen labels in nucleic acid X-ray analysis. Halogen labeled ONs are prone to dehalogenation upon exposure to X-ray radiation, which can cause failures in phasing ([@B55]). Se exhibits good anomalous X-ray dispersion signal, which is widely used in protein and recently in nucleic acid crystallography ([@B55],[@B56]). Notably, Huang, Egli and others have used the anomalous diffraction signal from Se atom to determine the structure of ONs containing Se in the phosphate backbone, sugar and nucleobase ([@B57]−[@B62]). As a proof of principle, we showed the utility of our probe in monitoring the antibiotic binding to a well known RNA target, bacterial ribosomal decoding site RNA (A-site, [@B54]). However, the ability of the probe to experimentally determine X-ray crystallographic phase information using the anomalous signal of Se has not been tested. Encouraged by these key observations and given the importance of GQs in therapeutics, we decided to expand the proficiency of the dual-app probe in studying a polymorphic nucleic acid motif, namely various GQ topologies of H-Telo DNA ON repeat and their binding affinity to small molecule ligands.

Here, we describe an innovative biophysical platform to study different GQ topologies and their ligand binding in real time and 3D by using a dual-app nucleoside probe (^Se^dU) and a highly polymorphic GQ-forming human telomeric (H-Telo) DNA ON repeat as a model system (Figure [1](#F1){ref-type="fig"}). The probe is made of a microenvironment-sensitive fluorophore and Se atom, which is derived by conjugating selenophene at the 5-position of 2′-deoxyuridine. The phosphoramidite substrate of the nucleoside was incorporated into the loop regions as different GQ structures of H-Telo DNA ON repeat show significant differences in loop conformation. The fluorescent component of the nucleoside probe distinguished different GQ topologies and also enabled quantify ligand binding to different topologies via changes in emission intensity and maximum. Single crystals of ^Se^dU-labeled H-Telo DNA ONs diffracted anomalously and yielded experimentally determined phases, indicative of their potential use in X-ray structure determination. Superimposition of native and labeled GQ structures indicated that the modification is minimally perturbing, which enabled direct comparison of fluorescence data and crystal structures to provide structural basis on how the dual-app probe senses different GQ conformations without disrupting the overall native fold.

MATERIALS AND METHODS {#SEC2}
=====================

Synthesis and characterization of ^Se^dU (**2**) and its phosphoramidite **5** are provided in the Supplementary Data. Solid-phase synthesis of ^Se^dU-labeled ONs and their characterization by HPLC, MALDI-TOF mass, UV-thermal melting and CD measurements are described in Supplementary Data.

Fluorescence analysis of ^Se^dU-labeled H-Telo DNA ONs and their duplexes {#SEC2-1}
-------------------------------------------------------------------------

Respective GQ structures of ONs **6**−**9** (10 μM) were formed by heating the samples at 90°C for 5 min in 10 mM Tris--HCl buffer (pH 7.5) containing 100 mM NaCl or 100 mM KCl. To obtain the parallel conformation, ONs were annealed in 50 mM Tris--HCl buffer (pH 7.5) containing 150 mM SrCl~2~. The corresponding duplexes **6•11, 7•11, 8•11** and **9•11** were prepared by heating a 1:1 mixture of H-Telo DNA ONs (**6**−**9**) and complementary ON **11** at 90°C for 5 min in different ionic conditions as mentioned above. All the samples were cooled slowly to RT and kept in an ice bath for at least 1 h before fluorescence was recorded. The samples were excited at 330 nm with excitation and emission slit widths of 5 and 9 nm, respectively. Fluorescence measurements were performed in triplicate in a micro fluorescence cuvette (Hellma, path length 1.0 cm) at 20°C.

Fluorescence binding assay {#SEC2-2}
--------------------------

A series of samples of respective GQ structures of ON **7** (1 μM), annealed in buffers containing NaCl/KCl/SrCl~2~, was incubated with increasing concentrations of PDS (4 nM to 10 μM) and BRACO19 (4 nM to 10 μM). The samples were incubated for 30 min at RT. Samples were excited at 330 nm with an excitation and emission slit widths of 5 and 9 nm, respectively. Fluorescence experiments were performed in triplicate in a micro fluorescence cuvette (Hellma, path length 1.0 cm) at 20°C. Appropriate blank in absence of ONs, but containing respective concentration of the ligand, was subtracted from the individual spectrum. The dose-dependent quenching curves obtained for the binding of PDS or BRACO19 to H-Telo DNA ON **7** were fitted to a plot, normalized fluorescence intensity (*F*~N~) versus log \[PDS\] or log \[BRACO19\], using Hill equation (Origin 8.5) to determine the apparent dissociation constants (*K*~d~, [@B63],[@B64]). $$\documentclass[12pt]{minimal}
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*F* ~i~ is the fluorescence intensity at each titration point. *F*~0~ and *F*~s~ are the fluorescence intensity in the absence of ligand (L) and at saturation, respectively. *n* is the Hill coefficient or degree of cooperativity associated with the binding. $$\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}\begin{equation*}{F_{\rm N}} = {F_0} + \left( {{F_{\rm s}} - {F_0}} \right)\left( {\frac{{{{\left[ {\rm L} \right]}^n}}}{{{{\left[ {{K_{\rm d}}} \right]}^n} + {{\left[ {\rm L} \right]}^n}}}} \right)\end{equation*}\end{document}$$

Crystallization {#SEC2-3}
---------------

### Native H-Telo DNA ON 10 {#SEC2-3-1}

A solution of ON **10** (3 mM) in 20 mM potassium cacodylate buffer (pH 6.5, 50 mM KCl) was annealed at 90 °C for 5 min. The sample was slowly cooled to 25°C and stored at this temperature overnight. Crystals were grown by using hanging drop vapor diffusion method at 4°C. Well solution was composed of 0.05 M sodium cacodylate (pH 7.2), 0.4 M ammonium sulfate, 0.05 M KCl, 0.01 M CaCl~2~, 15% PEG400. A sub-stock of ON **10** (1 μl, 1.8 mM) and 0.5 μl of well solution were used to form the drop. Final concentration of the ON was 1.2 mM. Diffraction quality crystals grew in three months as hexagonal rods of dimensions nearly 0.26 × 0.10 × 0.08 mm^3^. The crystals were harvested and cryoprotected in a solution of the mother liquor containing 30% PEG400.

### ^Se^dU-labeled H-Telo DNA ON 7 {#SEC2-3-2}

A solution of ON **7** (3 mM) in 20 mM potassium cacodylate buffer (pH 6.5, 50 mM KCl) was prepared as above. Well solution was composed of 0.05 M potassium cacodylate (pH 7.2), 0.625 M ammonium acetate, 0.2 M KCl, 15% PEG400. A sub-stock of ON **7** (1 μl, 1.8 mM) and 0.5 μl of well solution were used in growing the crystals by hanging drop vapor diffusion method at 4°C. Final concentration of the ON was 1.2 mM. Diffraction quality crystals grew in two months as hexagonal rods of dimensions nearly 0.16 × 0.16 × 0.15 mm^3^. The crystals were harvested and cryoprotected in a solution of the mother liquor containing 30% PEG400.

### ^Se^dU-labeled H-Telo DNA ON 8 {#SEC2-3-3}

A pre-annealed solution of ON **8** (3 mM) in 20 mM potassium cacodylate buffer (pH 6.5, 50 mM KCl) was incubated with various concentrations of BRACO19 at 25 °C for 1 h. Well solution was composed of 0.05 M potassium cacodylate (pH 7.2), 0.7 M ammonium sulfate, 0.05 M KCl, 0.01 M CaCl~2~ and 12.5% PEG400. Crystals were grown by using hanging drop vapour diffusion method at 4°C. Sub-stocks of ON **8** containing BRACO19 (1 μl) and 0.5 μl of well solution were used to form the drop. A drop containing 0.87 mM ON **8** and 1.04 mM BRACO19 gave diffraction quality crystals in four months as rhombic crystals (0.13 × 0.08 × 0.08 mm^3^). The crystals were harvested and cryoprotected in a solution of the mother liquor containing 30% PEG400.

Single crystal X-ray data collection, structure solution and refinement procedures are described in the Supplementary Data. PDB accession codes for ON **10** (6IP3), ON **7** (6IP7) and ON **8** (6ISW).

RESULTS AND DISCUSSION {#SEC3}
======================

Design, synthesis and photophysical properties of ^Se^dU {#SEC3-1}
--------------------------------------------------------

Fluorescent purine surrogates like 2-aminopurine and 6-methylisoxanthopterin and 8-vinyl, styryl- or heteroaryl-substituted guanosine analogs have been used as probes to detect GQ formation and electron transfer process in GQ structures ([@B65]−[@B71]). However, many of these purine analogs placed in G-tetrads destabilize the GQ structure as they do not have H-bonding sites like guanine and modification at 8 position of guanine is known to bias the glycosidic conformation ([@B67]). Further, baring a few examples, the analogs do not photophysically distinguish different GQ conformations possibly due to similarities in the tetrad conformation among various GQ forms. So we envisioned that placing a 5-heterocycle-modified pyrimidine nucleoside probe in the loop region could be advantageous on two counts. Modification at C5 position does not affect the glycosidic conformation of native pyrimidine nucleosides ([@B63]). The loop orientation and conformation of loop residues are significantly different in different GQ structures, which upon ligand binding undergo further conformational changes ([@B31],[@B72]). Hence, a microenvironment-sensitive probe placed in the loop position would be able to distinguish different GQ conformations, which could be further used in determining the affinity of ligands to different GQ conformations. This notion is supported by a recent study wherein 5-furyl-2′-deoxyuridine ([@B73]), a responsive fluorescent nucleoside probe, is minimally perturbing and reports the microenvironment of various thymidine loop residues of an antiparallel GQ-forming thrombin binding aptamer ([@B74]). In the present probe design (^Se^dU), we chose to replace oxygen atom of the furan ring with Se atom, so that it is responsive as well as has the added benefit of Se atom to facilitate X-ray analysis.

5-Selenophene-modified 2′-deoxyuridine ^Se^dU (**2**) and its phosphoramidite substrate required for the solid-phase ON synthesis were prepared in simple steps (Scheme [1](#F10){ref-type="fig"}). 5-Iodo-2′-deoxyuridine and 2-(tri-*n*-butyl stannyl) selenophene were coupled under Stille cross-coupling reaction conditions to give the dual-app probe **2** in moderate yields. 5′-*O*-DMT-protected 5-iodo-2′-deoxyuridine **3** was reacted with 2-(tri-*n*-butyl stannyl) selenophene in the presence of a palladium catalyst to give compound **4**. Subsequent reaction in the presence of 2-cyanoethyl *N,N*-diisopropylchlorophosphoramidite gave phosphoramidite substrate **5**.

![Synthesis of dual-app nucleoside probe ^Se^dU (**2**) and its phosphoramidite substrate **5**. DMT = 4,4′-dimethoxytrityl.](gkz419fig10){#F10}

Microenvironment sensitivity of the nucleoside analog was examined by recording the photophysical properties of the analog in solvents of different polarity using water, dioxane and mixtures of water-dioxane. Both absorption and fluorescence properties were affected by solvent polarity changes (Figure [2](#F2){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}). The lowest energy absorption maximum of nucleoside **2** (^Se^dU) was found to be slightly red shifted and hyperchromic as the solvent polarity was decreased from water to dioxane. When excited at its lowest energy absorption maximum, an aqueous solution of the nucleoside displayed a very large Stokes shift with an emission band centered at 452 nm. As the solvent polarity was decreased by varying water-dioxane ratio there was nearly a two-fold increase in quantum yield and a progressive shift in emission maximum to the blue region (452--432 nm). In comparison to 5-furyl-2′-deoxyuridine the emission maximum of ^Se^dU is considerably red-shifted in water, dioxane and their mixtures ([@B73],[@B75]). Further, ^Se^dU exhibits higher fluorescence in a non-polar solvent (dioxane) as compared to in a polar solvent (water), whereas, 5-furyl-2′-deoxyuridine shows higher fluorescence in a polar solvent (water) as compared to in a non-polar solvent (dioxane). Time-resolved fluorescence measurements revealed a biexponential decay profile for ^Se^dU in the solvent mixtures tested. The average lifetime was found to decrease with decreasing water/dioxane ratio ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}, Table [1](#tbl1){ref-type="table"}). Although, this combination of solvent mixtures is commonly used to investigate the effect of polarity on photophysical properties ([@B75],[@B76]), it exhibits small nonlinearity in viscosity ([@B77]). Since the nucleoside analog contains an aryl-aryl rotatable bond between selenophene and uracil rings, the fluorescence outcome in different solvent mixtures is more likely due to a combined effect of polarity and viscosity of the medium ([@B75],[@B76]). It is worth mentioning here that the responsiveness of 5-furyl-2′-deoxyuridine to microenvironment has been used in GQ studies, which has been found to be minimally perturbing ([@B74]). Collective these observations at the nucleoside level suggest that ^Se^dU, which is responsive to changes in its surrounding environment, could serve as a good GQ probe without affecting the native fold.

![Absorption (solid line, 50 μM) and emission (dashed line, 5 μM) spectra of ^Se^dU in different volume % of water-dioxane mixture. All solutions for absorption and emission studies contained 5% and 0.5% DMSO, respectively. Emission spectrum was recorded by exciting the samples at respective absorption maximum (Table [1](#tbl1){ref-type="table"}) with an excitation and emission slit width of 4 and 4 nm, respectively.](gkz419fig2){#F2}

###### 

Photophysical properties of ^Se^dU in different solvent mixtures

  Solvent ixture   *λ* ~max~ ^a^ (nm)   *λ* ~em~ (nm)   ϕ^b^    *τ* ~1~ ^c^ (ns)   *τ~2~* ^c^ (ns)   *τ~av~* ^b^ (ns)
  ---------------- -------------------- --------------- ------- ------------------ ----------------- ------------------
  water            324                  452             0.012   0.16 (94)          3.25 (6)          0.34
  25% dioxane      328                  449             0.023   0.26 (94)          1.32 (7)          0.32
  50% dioxane      330                  444             0.025   0.24 (92)          1.15 (8)          0.31
  75% dioxane      330                  439             0.026   0.20 (93)          1.09 (7)          0.27
  dioxane          330                  432             0.022   0.14 (95)          1.95 (5)          0.23

^a^The lowest energy absorption maximum is provided.

^b^Standard deviations for quantum yield (*ϕ*) and average lifetime (*τ~av~*) are ≤0.002 and 0.02 ns, respectively.

^c^% amplitude is given in parenthesis.

Synthesis of ^Se^dU-labeled H-Telo DNA ONs {#SEC3-2}
------------------------------------------

In order to evaluate the GQ sensing ability of ^Se^dU, H-Telo DNA ON repeat sequence AGGG(TTAGGG)~3~ was chosen as the study model. This repeat sequence is ideally suited for studying GQs as it can adopt different GQ topologies depending on the metal ions, molecular crowding and confinement ([@B30],[@B31],[@B78]−[@B80]). Dual-app labeled H-Telo ONs **6**−**9** were prepared by incorporating phosphoramidite **5** in different loops by using conventional solid-phase ON synthesis cycle (Figure [3](#F3){ref-type="fig"}). The deprotected ONs were purified by polyacrylamide gel electrophoresis (PAGE) and the purity and integrity of ^Se^dU-labeled ONs were confirmed by RP-HPLC and mass analysis ([Supplementary Figures S2, S3](#sup1){ref-type="supplementary-material"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

![Sequence of ^Se^dU-labeled H-Telo DNA ONs **6**−**9**. One of the T residues of loop 1 (**6**), loop 2 (**7** and **8**) and loop 3 (**9**) from 5′-end was replaced with nucleoside **2**. Sequence of control unmodified ON **10** and complementary ON **11** is also shown.](gkz419fig3){#F3}

^Se^dU labeling does not affect the native fold and stability {#SEC3-3}
-------------------------------------------------------------

H-Telo DNA ON in the presence of Na^+^ ions forms an antiparallel basket-type topology, whereas in the presence of K^+^ ions forms mixed parallel-antiparallel stranded hybrid type structures (Figure [1](#F1){ref-type="fig"}, [@B81]). In the presence of Sr^2+^ ions it forms an all-parallel stranded GQ structure ([@B82]). The CD profiles of modified (**6**--**9**) and control unmodified (**10**) H-Telo DNA ONs in Na^+^ ionic conditions were found to be similar and characteristic of an antiparallel GQ structure (positive peaks at 290 and 240 nm and a negative peak at 260 nm, [Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). Similarly, characteristic CD pattern for hybrid-type and parallel GQ structures was displayed by all the H-Telo DNA ONs in the presence of K^+^ and Sr^2+^ ions, respectively ([Supplementary Figure S4B and C](#sup1){ref-type="supplementary-material"}). The melting temperature of GQ structures formed by control unmodified and modified H-Telo DNA ONs in the given ionic condition was found to be similar ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}, [@B83],[@B84]). Further, consistent with the reported data, different GQ topologies exhibited different *T*~m~ values with parallel conformation being the most stable form ([@B81],[@B83],[@B84]). It is important to mention here that both native and labeled ONs formed respective GQ structures in different ionic conditions, which matched well with the CD spectrum and stability reported for the same sequence.

Fluorescence detection of different GQ topologies {#SEC3-4}
-------------------------------------------------

H-Telo DNA ONs **6**−**9** were annealed to form respective GQ structures in a buffer containing NaCl/KCl/SrCl~2~ and their fluorescence profile was compared with corresponding duplexes. GQs of **6, 7** and **9** containing the probe in the first (T5), second (T11) and third (T17) loop, respectively, displayed significant enhancement in fluorescence intensity as compared to the corresponding duplexes **6•11, 7•11** and **9•11** (Figure [4](#F4){ref-type="fig"}). Notably, depending on the position of modification the nucleoside probe distinguished different GQ topologies via changes in emission intensity and maximum. For example, mixed hybrid-type GQ structures of ON **7**, formed in the presences of K^+^ ions, exhibited significant enhancement in fluorescence intensity (4.7-fold) with a noticeable red shift (*λ*~em~ = 451 nm) in emission maximum as compared to the duplex form (**7•11**, *λ*~em~ = 445 nm, Figure [4B](#F4){ref-type="fig"}). The antiparallel form exhibited further enhancement in fluorescence intensity (*λ*~em~ = 452 nm) as compared to the duplex. While the parallel GQ conformation, formed in the presence of Sr^2+^ ions, displayed fluorescence intensity similar to that of the antiparallel form, its emission maximum was discernibly blue shifted (*λ*~em~ = 444 nm) as compared to the antiparallel and hybrid GQ structures. It is important to mention here that the fluorescence of ^Se^dU alone and ^Se^dU incorporated into a non-GQ forming ON sequence was only marginally affected by changes in ionic conditions (NaCl, KCl or SrCl~2~, [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Though the difference in emission maximum of parallel and antiparallel structures is only about 8 nm it was found to be reproducible (Figure [4B](#F4){ref-type="fig"}). Further, we have confirmed the formation of respective GQ structures by CD and thermal melting analysis ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Taken together, these results indicate that the distinct fluorescence profile displayed by GQs is due to the differences in the environment of the nucleoside probe in different GQ conformations, and not due to effect of salts on the probe. ^Se^dU placed in the first and third loop (ONs **6** and **9**), though reported the formation of GQ structures with enhancement in fluorescence intensity as compared to the duplex form, it poorly distinguished individual GQ topologies (Figure [4A](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}). GQs of ON **8** and its corresponding duplexes, irrespective of the ionic conditions, exhibited a similar fluorescence profile suggesting that ^Se^dU placed at the T12 position of second loop failed to detect GQ structures (Figure [4C](#F4){ref-type="fig"}). Predicting the fluorescence properties of responsive probes incorporated into nucleic acid sequences is difficult, and hence, the implementation of the probes in biophysical assays is mostly empirical. Our results indicate that the dual-app probe incorporated at the T11 position (second loop) of the H-Telo DNA ON **7** is the most responsive among the ONs (**6, 8** and **9**). Hence, ON **7** was used as the model to study different GQ structures and their ligand binding by fluorescence and X-ray crystallography in greater detail.

![Depending on the position of modification ^Se^dU fluorescently distinguishes different GQ structures of H-Telo DNA ON repeat. (**A**−**D**) Fluorescence spectrum of GQs of H-Telo DNA ONs **6**−**9** (solid lines) and corresponding duplexes (dashed lines) in different ionic conditions. Samples (1.0 μM) were excited at 330 nm with an excitation and emission slit width of 5 and 9 nm, respectively.](gkz419fig4){#F4}

Interestingly, the duplexes **6•11, 7•11** and **9•11** formed in the presence of Sr^2+^ ions, though displayed lower fluorescence intensity as compared to the parallel GQ form of **6, 7**, and **9**, they were more emissive than the duplexes prepared in the presence of Na^+^/K^+^ ions. The *T*~m~ values of duplexes (∼63°C) formed in the presence of Na^+^ and K^+^ ions are considerably higher than the antiparallel structure (∼54°C) and similar to the hybrid-type GQs (∼65°C, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). Hence, in the presence of a complementary ON **11**, H-Telo DNA ONs are likely to form a stable duplex in Na^+^ and K^+^ ionic conditions. However, the parallel form of H-Telo DNA ON repeat is significantly more stable (∼79°C) than the duplex form (∼65°C). Hence, it is likely that the duplexes annealed in the presence of Sr^2+^ could have some component of the more emissive parallel GQ structure, which would explain the higher fluorescence intensity exhibited by **6**•**11, 7**•**11** and **9**•**11**.

^Se^dU reports binding of ligands to different GQ topologies {#SEC3-5}
------------------------------------------------------------

The conformation sensitivity of ^Se^dU was put to use in determining the binding affinity of ligands to different GQ topologies. H-Telo DNA ON **7** was assembled into different GQs and titrated with two well known GQ binders, pyridostatin (PDS) and BRACO19 (Figure [5A](#F5){ref-type="fig"}, [@B85],[@B86]). As the concentration of the ligand was increased the probe reported the binding of ligands to different GQs with significant decrease in fluorescence intensity. The decrease in intensity was found to be dose-dependent, which enabled the determination of dissociation constant *K*~d~ (Figure [5](#F5){ref-type="fig"}B−D, Table [2](#tbl2){ref-type="table"}). *K*~d~ values indicate that PDS has relatively a higher binding affinity for the parallel structure followed by antiparallel and hybrid-type GQ structures of H-Telo DNA ON repeat. However, BRACO19 binds to the hybrid GQ topology slightly better as compared to the parallel and antiparallel forms. Collectively, these results indicate that ligands have different binding affinities for different topologies and ^Se^dU can be used in assessing the difference in their binding affinities. This attribute of the probe could facilitate setting up discovery platforms to identify topology-specific GQ binders.

![(**A**) Chemical structure of pyridostatin (PDS) and BRACO19. (**B**) Representative plot showing the changes in fluorescence intensity upon titrating GQ of ON **7** with ligands. Here, fluorescence spectra of hybrid-type GQ structure of ON **7** in KCl as a function of increasing PDS is shown as an example. Red dashed line represents emission profile of ON **7** in the absence of PDS. (**C** and **D**) Curve fits for the binding of PDS and BRACO19, respectively, to various GQ structures of ON **7**. Normalized fluorescence intensity at *λ*~em~ = 450 nm is plotted against log \[ligand\]. All samples were excited at 330 nm with excitation and emission slit widths of 5 and 9 nm, respectively.](gkz419fig5){#F5}

###### 

*K* ~d~ values for PDS and BRACO19 binding to H-Telo DNA ON **7**

  GQs of ON 7              PDS (μM)      BRACO19 (μM)
  ------------------------ ------------- --------------
  Antiparallel (in NaCl)   1.77 ± 0.25   1.53 ± 0.09
  Hybrid (in KCl)          2.26 ± 0.12   1.21 ± 0.08
  Parallel (in SrCl~2~)    1.08 ± 0.17   1.54 ± 0.35

Crystal structure of native and ^Se^dU-labeled H-Telo DNA ONs {#SEC3-6}
-------------------------------------------------------------

To study the effect of modification on the native fold at the atomic level and to understand the structural basis of the GQ sensing ability of the probe, control unmodified (**10**) and modified H-Telo DNA ONs (**7** and **8**) were crystallized and their 3D structures were determined by X-ray diffraction.

### Structure of native ON 10 {#SEC3-6-1}

The ON crystallized in P6 space group and the crystal diffracted to 1.40 Å---the highest resolution reported for diffraction from the H-Telo DNA ON repeat (Table [3](#tbl3){ref-type="table"}). The structure of ON **10** was determined by molecular replacement method using the PDB coordinate 1KF1 ([@B87]), which has an all-parallel-stranded GQ structure. The overall structure of ON **10** (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}) was very similar to the structure reported for the same sequence (1KF1, 2.10 Å, [Supplementary Table S4 and S5](#sup1){ref-type="supplementary-material"}). However, unlike in the previously reported structure, we noted alternate conformations for nucleotides at two locations. The electron density of the first three nucleotides of ON **10** suggested two alternate conformations of nearly equal occupancy. In one conformation the nucleobase of A1 forms a Watson-Crick base pair with T12 of a symmetry-related molecule, while in the other they form a reversed Watson-Crick base pair ([Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}). The density for the corresponding 2′-deoxyribose sugars in the two conformations was poor, suggestive of structural flexibility. Alternate conformations were also noted for the phosphate linkage between A13 and G14, with one having occupancy of 0.65 and the other 0.35. While the conformation with a higher occupancy is identical to that in 1KF1, the one with a lower occupancy has the phosphate backbone connecting A13 and G14 flipped inward between their sugar rings (Figure [7A](#F7){ref-type="fig"}).

###### 

Crystallographic data and refinement statistics

  Structure                    native ON 10           ^Se^dU-labeled ON 7     ^Se^dU-labeled ON 8
  ---------------------------- ---------------------- ----------------------- ----------------------
  Space group                  *P*6                   *P*6                    *P*2~1~22~1~
  Cell dimensions              56.839, 56.839         56.483, 56.483          35.204, 42.280
  *a, b, c* (Å)                42.411                 42.415                  49.924
  *α, β, γ* (deg)              90, 90, 120            90, 90, 120             90, 90, 90
  Wavelength (Å)               0.9795                 0.9795                  0.9792
  Resolution (Å)               28.4−1.4 (1.42−1.40)   48.9−1.55 (1.58−1.55)   42.3−2.3 (2.38−2.30)
  (Highest resolution shell)                                                  
  R~merge~ (%) overall         0.10 (0.88)            0.058 (0.90)            0.119 (0.744)
  *I/σ*                        16.4 (3.5)             23.6 (3.0)              13.9 (3.7)
  Completeness (%)             100 (100)              100 (100)               99.7 (99.6)
  Redundancy                   16.3 (14.7)            12.5 (12.7)             12.7 (12.3)
  Refinement                                                                  
  Resolution (Å)               28.4−1.4               48.9−1.55               42.3−2.3
  No. of reflections           15469                  21923                   6296
  *R* ~work~/*R*~free~ (%)     15.1/17.3              18.9/21.3               23.2/27.6
  No. of atoms                 570                    469                     469
  No. of ions                  3                      3                       3
  No. of water molecules       79                     50                      0
  RMS deviations in                                                           
  Bond lengths (Å)             0.010                  0.012                   0.003
  Bond angles (deg)            0.990                  1.424                   0.616
  PDB ID                       6IP3                   6IP7                    6ISW

![Native (**10**) and ^Se^dU-labeled H-Telo DNA ONs **7** and **8** adopt a parallel GQ structure. Upper panels show the top view and bottom panels show the side view of the structure. (**A**) and (**B**) native H-Telo DNA ON **10**. One of the GQ conformations of ON **10** is shown for clarity. (**C**) and (**D**) ON **7**. (**E**) and (**F**) ON **8**. Potassium ions and water molecules are represented as indigo and red spheres, respectively. The selenophene ring in ON **7** and ON **8** is colored green with Se atom in magenta color.](gkz419fig6){#F6}

![Comparison of the second propeller loop region in the parallel GQ structure of native and ^Se^dU-labeled ONs. (**A**) The structure of G8−G14 residues in the native ON **10** GQ structure showing alternate conformations of the phosphate backbone connecting A13 and G14. (**B**) The conformation of G8−G14 residues in ON **7** GQ structure illustrating the environment of ^Se^dU11. Potential hydrogen bonds involving selenophene ring are shown in green dotted lines. Also shown is the simple Fourier electron density map at 1.0σ level calculated using phases determined by SAD. (**C**) The conformation of G8−G14 residues in ON **8** GQ structure showing the environment of ^Se^dU12. Se atom is shown in magenta color.](gkz419fig7){#F7}

The asymmetric unit of the crystal of ON **10** contains an intramolecular all-parallel-stranded GQ (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}). Typical of a parallel structure, the guanosines in the *anti* glycosidic conformation base pair through Watson--Crick and Hoogsteen faces forming the characteristic square planar G-tetrads, which stack one above the other with an interplanar distance of ∼3.3 Å ([Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}). The three TTA groups protrude laterally from the G-tetrads forming three propeller loops that adopt a type 1 loop conformation with adenine intercalating between the first and second thymine (Figure [6](#F6){ref-type="fig"} and [Supplementary Figure S9A](#sup1){ref-type="supplementary-material"}, [@B72]). In this loop arrangement, the adenine π−π stacks on the first thymine. The second thymine of each loop is located at the tip of the propeller, which partially stacks on the external face of the adenine residue. The GQ structure is stabilized by three K^+^ ions located in-between the stacked tetrads, which coordinate to eight C6 carbonyl oxygen atoms forming a bipyramidal antiprismatic geometry ([Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}).

### Structure of ^Se^dU-labeled ON 7 {#SEC3-6-2}

The crystal form of ON **7** containing ^Se^dU at position 11 was the same as native ON **10** and diffracted to 1.55 Å (Table [3](#tbl3){ref-type="table"}, Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). The selenium scattered anomalously and facilitated calculation of an electron density map using phases derived by single-wavelength anomalous diffraction (SAD) method (Figure [7B](#F7){ref-type="fig"}). This emphasised the use of ^Se^dU as a tool for SAD and multiwavelength anomalous diffraction (MAD) methods. While the overall GQ structure of ON **7** is similar to ON **10** ([Supplementary Table S4](#sup1){ref-type="supplementary-material"} and S5), there are a few minor differences. In the structure of ON **7**, the electron density of the first three nucleotides indicated a single conformation in which A1 forms a Watson--Crick base pair with the symmetry-related T12 ([Supplementary Figure S7C](#sup1){ref-type="supplementary-material"}). Another notable feature is the stabilization of the flipped-in conformation of the phosphate backbone connecting A13 and G14 residues (Figure [7B](#F7){ref-type="fig"}). C9 carbon of the selenophene ring of ^Se^dU11 forms a weak hydrogen bond with one of the phosphate oxygens. In the structure, the Se atom faces the carbonyl O4 of uracil and the selenophene ring is nearly coplanar with the uracil ring (--5.9°). A13 is slightly displaced to better stack with the labeled base of ^Se^dU11, which is slightly moved away from the groove formed along the middle tetrad to accommodate the selenophene ring (Figure [8A](#F8){ref-type="fig"}). The 2′-deoxyribose ring of G9 of the middle tetrad of ON **7** adopts a C2′-*exo* conformation as opposed to C2′-*endo* conformation in the structure of native ON **10**, which, however, does not affect the *anti* glycosidic conformation of G9. As a consequence, the plane of 2′-deoxyribose ring is almost parallel to the selenophene ring of ^Se^dU11, which is positioned just below it. It is important to mention here that the superimposition of the parallel GQ structure of native ON **10** and labeled ON **7** showed that the global structure was not affected by the introduction of the probe ([Supplementary Figure S10A](#sup1){ref-type="supplementary-material"}). Further, when the structure of ON **10** in which the phosphate backbone connecting A13 and G14 is flipped inwards (conformation with lower occupancy, *vide supra*) was superimposed onto the structure of ON **7**, the structures of native and modified ONs were found to be similar ([Supplementary Figure S11A](#sup1){ref-type="supplementary-material"}). Deviations in the position of atoms of G10, T11, T12 and A13 of modified ONs with respect to native ON were around or less than 2 Å. The shift in the position of bases of T11, T12 and A13 (second loop) due to the presence of ^Se^dU is 0.5--2.2 Å ([Supplementary Figure S12](#sup1){ref-type="supplementary-material"}). However, these perturbations did not affect the tetrad conformation or the overall fold, nor did it affect the ability of the probe to report the global conformation of different GQ topologies in different ionic conditions.

![Superimposition of G9−G14 residues of the parallel GQ structures of H-Telo DNA ONs. (**A**) Superimposed structures of ON **10** (pink) and ON **7** (brown) showing minor differences in the conformation of the second propeller TTA loop due to the introduction of ^Se^dU at position 11. For clarity, only the major conformer of ON **10** in which the phosphate linkage between A13 and G14 is flipped out is shown. (**B**) Superimposed structures of ON **10** (pink) and ON **8** (green) containing the modification at T12 position of the second propeller loop. (**C**) Comparison of the second propeller loop region in ON **7** (brown) and ON **8** (green).](gkz419fig8){#F8}

### Structure of ^Se^dU-labeled ON 8 {#SEC3-6-3}

The ON containing ^Se^dU at position 12 crystallized in a distinct space group *P*2~1~22~1~. The best diffracting crystal gave a complete data resolved to 2.3 Å (Table [3](#tbl3){ref-type="table"}, Figure [6E](#F6){ref-type="fig"} and [F](#F6){ref-type="fig"}). A structure solution could be obtained by molecular replacement using 1KF1 as the model ([@B87]). The electron density for the first three nucleotides indicated a single conformation as seen in the case of ON **7** ([Supplementary Figure S7E](#sup1){ref-type="supplementary-material"}). Also, the phosphate backbone connecting A13 and G14 adopted a flipped-in conformation as in ON **7** (Figure [7C](#F7){ref-type="fig"}). The position of A13 is slightly displaced similar to that in ON **7**, possibly to better stack with T11, which, like ^Se^dU11 in ON **7**, is also slightly displaced away from the groove formed along the middle tetrad (Figure [8B](#F8){ref-type="fig"} and [C](#F8){ref-type="fig"}). The displacement of T11 and A13 appears to facilitate masking of the nucleobase of ^Se^dU12 from solvent from one side ([Supplementary Figure S13](#sup1){ref-type="supplementary-material"}). The 2′-deoxyribose ring of G9 of ON **8** adopts a C2′-*endo* conformation similar to that seen in the native ON **10** structure. Importantly, superimposed structures of ON **10** and ON **8** revealed that the overall structure is similar and not affected by incorporation of the probe ([Supplementary Figures S10B and S11B](#sup1){ref-type="supplementary-material"}).

### Crystal packing {#SEC3-6-4}

The packing structure of native and modified H-Telo DNA ONs showed two parallel GQs interacting from 5′−5′ end via stacking interaction (Figure [9](#F9){ref-type="fig"} and [Supplementary Figure S14](#sup1){ref-type="supplementary-material"}). The dimeric structure is stabilized by a K^+^ ion, which coordinates with C6 carbonyl oxygen atoms of tetrads of adjacent GQs in a sandwiched fashion. The average distance between the interacting tetrads is in the range of 3.4−3.5 Å. The packing is further expanded by two dimers strongly interacting via pairs of stacked T18−T6′ residues separated by 3.3 ± 0.1 Å.

![Intermolecular interactions in the ^Se^dU-labeled ON **7** crystal. (**A**) GQ dimer is formed by head-to-head stacking of 5′ G-tetrads from two adjacent GQs (cyan and green). The dimer is also stabilized by a bridging K^+^ ion. (**B**) Further packing of the dimers is facilitated by strong π−π stacking interaction between two pairs of T18−T6′ residues.](gkz419fig9){#F9}

Structural insights into the GQ sensing ability of ^Se^dU: A comparison of fluorescence and X-ray data {#SEC3-7}
------------------------------------------------------------------------------------------------------

Crystal structure analysis, complemented by CD and thermal melting studies, indicate that ^Se^dU is minimally perturbing and its incorporation, in-principle, should not affect the native fold of different telomeric GQ structures. Based on these key observations, we sought to assess the conformation sensitivity of ^Se^dU by correlating the conformation of loop residues in different GQ structures with the fluorescence data. In general, stacking interaction between a fluorophore and adjacent bases and the presence of a guanine near the fluorophore can promote non-radiative decay pathways ([@B88],[@B89]). In the duplex structure of **7**•**11** the base paired ^Se^dU stacks with flanking G10 and T12 like other bases in the double helix. Due to this stacking interaction and proximity to a guanine residue the nucleoside analog in duplex shows very low fluorescence. However, the probe placed in the loop region fluorescently distinguishes different GQ structures due to distinct conformation and microenvironment of the emissive analog in these topologies (Figure [4B](#F4){ref-type="fig"}). In KCl solution, the telomeric repeat forms multiple GQ structures with hybrid-type 1 and 2 structures as the predominant ones ([@B81]). In the native hybrid-1 structure, the solvent exposed T11 residue is projected away from the tetrad core (∼8 Å) and experiences no stacking interaction with adjacent bases ([Supplementary Figure S15A](#sup1){ref-type="supplementary-material"}, [@B90]). ^Se^dU placed in the T11 position is likely to adopt a similar conformation. Hence, hybrid-1 structure is highly emissive as compared to the duplex form due to reduced stacking interaction and electron transfer from guanine. Further, in this conformation the probe is solvent exposed as evident from its emission maximum (451 nm), which is closer to the emission maximum of the free nucleoside in water (452 nm, Table [1](#tbl1){ref-type="table"}). In the case of hybrid-2 structure, T11 strongly stacks with the G-tetrad core ([Supplementary Figure S15A](#sup1){ref-type="supplementary-material"}, [@B91]), and hence, the fluorescence of ^Se^dU in this conformation should be highly quenched. Therefore, the enhanced fluorescence displayed by ON **7** in KCl as compared to the duplex is due to a combination of more emissive hybrid-1 and less emissive hybrid-2 forms.

In NaCl, the telomeric ON repeat adopts only an antiparallel structure in which the T11 residue is solvent exposed, not stacked and projected away from the G-tetrad (∼7 Å, [Supplementary Figure S15B](#sup1){ref-type="supplementary-material"}, [@B92]). In this scenario, ^Se^dU-labeled antiparallel structure is expected to be highly emissive like hybrid-1 GQ structure. In the absence of other weakly emissive forms (e.g., hybrid-2 GQ), the antiparallel structure of H-Telo ON **7** in NaCl exhibits higher fluorescence than hybrid-type structures in KCl. Since there is no change in emission maximum between antiparallel and hybrid-type GQs structures, it is likely that the weakly emissive hybrid-2 form reduces the overall intensity but does not affect the emission maximum of hybrid-type GQ structures formed in KCl conditions. Similar observation has been reported for a fluorescent GQ sensor based on 5-fluorobenzofuran-dU analog ([@B64]). In the parallel structure of ON **7**, ^Se^dU11 is ∼5 Å away from the G-tetrad and shows a weak π−π interaction with A13 residue ([Supplementary Figure S9B and S15D](#sup1){ref-type="supplementary-material"}). Further, ^Se^dU11 is less solvent exposed and has a distinct microenvironment. The 5′-phosphate of G14 is in the vicinity of the selenophene ring of ^Se^dU11 and makes a weak hydrogen bond with C9 of selenophene ring (Figure [7B](#F7){ref-type="fig"}). Additionally, the C2′-*exo* ribose ring of G9 and the selenophene ring are involved in carbohydrate-aromatic interaction, with C4′ of the ribose ring being within hydrogen bonding distance of Se. Hence, the distinct environment of ^Se^dU in the parallel form of ON **7** shows a blue shifted (*λ*~em~ = 444 nm) emission spectrum as compared to the hybrid and antiparallel GQ structures (*λ*~em~ = 451 nm).

Modified nucleoside placed in the T12 position of ON **8** did not distinguish different GQs from the duplex form. In the ON **8** sequence, ^Se^dU is flanked by T11 and A13 residues. In the duplex form (**8**•**11**), the base paired ^Se^dU stacks with the flanking bases and is nearly 6.8 Å away from the guanine residues on either side. Hence, duplex **8**•**11** unlike **7**•**11** displays a reasonably higher fluorescence efficiency due to reduced quenching effect of guanine residues. In the hybrid-1 structure of native ON, T12 is strongly stacked on the tetrad core ([Supplementary Figure S16A](#sup1){ref-type="supplementary-material"}). Hence, ^Se^dU in this conformation should exhibit very low fluorescence. However, in the hybrid-2 structure, ^Se^dU would be projected out of the tetrad core and experience no stacking interaction with neighboring bases ([Supplementary Figure S16A](#sup1){ref-type="supplementary-material"}). So a combination of strongly emissive hybrid-2 and weakly emissive hybrid-1 GQs in KCl results in moderate fluorescence, which is similar to the duplex. On similar grounds, antiparallel and parallel structures also show comparable fluorescence intensity, which can be ascribed to a combined effect of stacking interaction, reduced electron transfer process between guanine and the fluorophore and solvation-desolvation of the fluorophore ([Supplementary Figures S16B and S16C](#sup1){ref-type="supplementary-material"}).

CONCLUSIONS {#SEC4}
===========

We have established a simple platform to investigate the GQ structure and ligand binding of a highly polymorphic telomeric DNA repeat in real time and 3D by using a new nucleoside analog (^Se^dU), which functions both as a conformation-sensitive fluorescent probe and X-ray crystallography phasing agent. The Se atom in the nucleoside was stable under solid-phase ON synthesis conditions and during X-ray irradiation. The fluorescent module of the dual-app probe allowed real time analysis of various GQ topologies formed by H-Telo DNA ON repeat and estimate the binding affinity of ligands to different topologies. On the other hand, Se atom served as a reliable anomalous X-ray dispersion agent in determining the GQ structure by SAD method. Notably, the native ON crystals diffracting at the highest resolution (1.40 Å) so far reported for the telomeric repeat revealed alternative conformations of residues at two regions, which was not seen in the previously reported structures with comparatively lower resolution (PDB ID 1KF1). Except for few minor variations, the overall fold of ^Se^dU-labeled H-Telo DNA ONs was similar to that of the native ON. Collectively, both solution (CD and *T*~m~) and X-ray analyses indicated that the probe is minimally perturbing. Further, by comparing fluorescence data and superimposed structures, we could gain structural insights on the GQ sensing ability of the dual-app probe, which otherwise is not straightforward using traditional unidimensional probes.

Several covalently attached probes have been used in the study of GQs. However, to the best of our knowledge, this is the first example of GQ crystal structures containing a covalently attached probe, which provides atomic level understanding of how the probe senses different GQ conformations without affecting the native fold. Taken together, our results demonstrate that ^Se^dU, when judiciously placed, would not only provide a good understanding of the nucleic acid structure and function in solution and 3D but also could support discovery assays to identify structure-specific binders.

DATA AVAILABILITY {#SEC5}
=================

Atomic coordinates and structure factors for the reported crystal structures have been deposited with the Protein Data bank under accession number−ON **10** (6IP3), ON **7** (6IP7) and ON **8** (6ISW).
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